A bonding mechanism of large-mismatched metal/oxide heterointerfaces, classified as incoherent interfaces, is investigated by first-principles calculations. As a model system, incoherent Ni/ ZrO 2 ͑111͒ interfaces are selected, and the interfacial bonding characters and their relevance to the interface strength are analyzed. It is found that the chemical bonds of the interfacial atomic pairs are strongly dependent on the atomic configurations in the interface structures, and show a site-dependent character from ionic through covalent/metallic bonding. Thus, even in the presence of a large misfit, stable interfaces can be formed by an effective chemical bonding transition along the interfaces. First-principles tensile tests show that such a bonding multiplicity strongly affects the atomic-scale fracture behavior and ideal mechanical strength of the interfaces. DOI: 10.1103/PhysRevB.74.125423 PACS number͑s͒: 73.20.Ϫr, 73.43.Cd Heterointerfaces are important components in microstructures of advanced materials such as composites and coatings, and their interfacial properties often determine overall performance and reliability of the materials systems. Among heterointerfaces, combination of metal and metal-oxide has been extensively studied experimentally and theoretically, 1, 2 in order to obtain detailed knowledge on bonding characteristics across the interfaces. However, the interfacial bonding is generally difficult to describe simply by a particular chemical bonding state such as metallic or ionic, because the two constituent materials have dissimilar electronic structures. Moreover, differences in crystal structures and lattice parameters may also affect the interfacial bonding state. Therefore, it is essential to reveal a generic and detailed bonding mechanism of metal/oxide interfaces.
Heterointerfaces are important components in microstructures of advanced materials such as composites and coatings, and their interfacial properties often determine overall performance and reliability of the materials systems. Among heterointerfaces, combination of metal and metal-oxide has been extensively studied experimentally and theoretically, 1, 2 in order to obtain detailed knowledge on bonding characteristics across the interfaces. However, the interfacial bonding is generally difficult to describe simply by a particular chemical bonding state such as metallic or ionic, because the two constituent materials have dissimilar electronic structures. Moreover, differences in crystal structures and lattice parameters may also affect the interfacial bonding state. Therefore, it is essential to reveal a generic and detailed bonding mechanism of metal/oxide interfaces.
From a theoretical viewpoint, a number of metal/oxide interface systems have been studied by the first-principles method, together with a supercell approach. [1] [2] [3] [4] [5] [6] [7] [8] However, although most of real metal/oxide interfaces contain lattice misfits, previous theoretical calculations dealt with specific coherent interface models without lattice misfits. In this case, several symmetric coherent structures ͑all metal atoms are located at certain symmetric sites on an oxide surface͒ were assumed in supercells. As a matter of course, coherent interface models contain a particular type of interfacial atomicpair configuration such as on top, hollow, and bridging, and thus the bonding state over the interface plane can also be understood by its particular character of bonding.
In contrast, real metal/oxide interfaces with lattice misfits undergo misfit strains, and the strains are relaxed in a semicoherent or incoherent manner. In the semicoherent case ͑typically, several percent of lattice misfit͒, it is known that a two-dimensional network of misfit dislocations is introduced to accommodate the misfit strain, and the interface areas between misfit dislocations can be regarded as coherent structures. Based on this situation, Hong et al. performed coherent-model calculations of Ag/ MgO͑100͒ interfaces, which is semicoherent in reality, and the calculated properties were corrected by the energy of misfit dislocations. 3 More recently, Benedek et al. calculated the semicoherent Cu/ MgO͕222͖ oxygen-terminated interface, and showed that the interface properties can be represented by average of interface properties for different symmetric coherent structures. 9 On the other hand, when a lattice misfit of a metal/oxide interface exceeds 10% or more, the interface structure cannot be described by arrays of misfit dislocations as found in semicoherent interfaces. 10 In this case, unlike in coherent or semicoherent interfaces, long-range lattice continuity across the interface is missing, and the interface structure is referred to as incoherent. Originally, a truly incoherent interface implies a complete lack of lattice continuity and bonding across an interface plane, and thus adhesion of metal and oxide cannot be realized. 11 However, a number of interfaces such as Cu͑111͒ /Al 2 O 3 ͑0001͒ and Ni͑111͒/YSZ͑111͒ were experimentally found to form incoherent structures. [12] [13] [14] [15] The real incoherent interfaces exhibit specific orientation relationships and adhesion, which is evidence for the presence of particular interfacial bonding states. Due to worse lattice continuity of incoherent interfaces compared to coherent or semicoherent ones, various kinds of metal-cation or metaloxygen bonding pairs in on-top, hollow, and bridging configurations and so forth coexist and play an important role for interface adhesion. In order to understand properties of incoherent metal/oxide interfaces, such characteristic bond configurations across the interface plane should be taken into account.
Bonding and adhesion properties of large-mismatched metal/oxide interfaces were often explained qualitatively by differences in lattice parameters and elastic constants between metal and oxide lattices. 2, 11, 16, 17 Also, the image charge theory 1,2 is used to qualitatively understand the interfacial bonding, but the above arguments do not explicitly take account of detailed interfacial atomic configurations and their bonding states. Moreover, as stated above, most of previous first-principles studies on metal/oxide interfaces are limited to coherent cases, and thus the physical origin of adhesion in incoherent metal/oxide interfaces is poorly understood so far.
In this study, bonding characteristics and the associated mechanical properties of incoherent metal/oxide interfaces are investigated in a first-principles manner. In interface modeling for theoretical calculations, it is important to use supercells appropriate for incoherent metal/oxide interfaces. For this purpose, the coincidence boundary model is used here, which assumes that, even in an incoherent interface, an interface-energy minimum will occur when a fraction of interfacial atoms in a softer crystal lattice are slightly relaxed and occupy specific coincidence positions on a stiffer crystal surface. 18 A large-mismatched metal/oxide interface can now be described by a basic unit whose length parallel to the interface plane is ma o 0 Ϸ na m 0 , where m and n are integers, and a o 0 and a m 0 are unit lengths of oxide-lattice and metallattice planes perpendicular to an interface, respectively. A misfit parameter ␦ in this case is defined by ␦ = ͑ma o 0 − na m 0 ͒ / na m 0 . Therefore, it is necessary to select an incoherent metal/oxide system for which first-principles calculations are feasible and in which the ␦ value can be minimized as small as possible, using smaller integers of m and n.
Based on the above requirement for supercell modeling, a number of metal/oxide interfaces studied experimentally so far were reviewed, and eventually the interface system of Ni͑111͒ / ZrO 2 ͑111͒ is selected as an optimum incoherent model of this study. In our previous report, the experimental high-resolution transmission electron microscopy ͑HRTEM͒ image of the Ni/cubic yttria-stabilized ZrO 2 ͑YSZ͒ interface showed that this interface having a lattice misfit of 31% is atomically sharp with a cube-on-cube orientation relationship ͑OR͒ of ͑111͒ Ni ʈ ͑111͒ YSZ and ͓110͔ Ni ʈ ͓110͔ YSZ , and no misfit dislocations are observed along the interface plane, indicating the incoherent structure. 15 For this incoherent system, a misfit-free condition of ␦ = 0 in the coincidence boundary model cannot be attained even for large m and n values, but a coincidence repeat unit with a rather small misfit of ␦ = −2.7% can be obtained by using relatively small integers of m = 2 and n = 3 along the ͗110͘ direction. Accordingly, repeat units of ZrO 2 ͑111͒ and Ni͑111͒ parallel to the interface plane are extended by 2 ϫ 2 and 3 ϫ 3 along ͗110͘, respectively, in the supercell construction. Supercell configurations viewed normal to the interface plane are displayed in Fig. 1 . The remaining misfit of ␦ = −2.7% is compensated by compressing the Ni slabs parallel to the interface plane, because the ZrO 2 lattice is stiffer than the Ni lattice. It can be said that the original lattice misfit between Ni and ZrO 2 ͑31%͒ can be minimized up to 2.7% by using the extended interface supercell. Even for the extended supercell of the interface, there are a number of possible interface configurations with respect to relative translation states between Ni and ZrO 2 lattices. In reality, it is reasonable to describe the incoherent structure by a mixture of different translation states. In the present interface model, the interface configuration can be repeated by a translation vector of t = a ZrO2 /3͓211͔, and two different translation states of T 0 and T 1 are considered as representative translated structures, where the T 1 structure is obtained by a translation of 2t / 3 from T 0 . The atomic positions of Ni in T 0 can be represented by four kinds of positions on ZrO 2 ͑111͒ ͓a-d in Fig. 1͑a͔͒ ; an on-top site ͑a͒, an asymmetric site slightly off from the on-top location ͑b͒ and two kinds of hollow sites c and d ͑the d site is atop an atom in the second ZrO 2 layer͒. In contrast, the atomic configurations across the interface plane in T 1 are quite different from those in T 0 , where Ni atoms are situated at three kinds of asymmetric positions on the ZrO 2 surface ͓e-g in Fig. 1͑b͔͒ .
Each interface supercell comprises a ZrO 2 ͑111͒ slab sandwiched by Ni͑111͒ slabs. Since ͕111͖ planes of c-ZrO 2 are polar planes composed of Zr or O atoms, Zr and O terminated interfaces are considered in this study. In order to avoid spurious effects of dipole moments on atomic structures and energies of the slab models, the Zr and O terminated ZrO 2 slabs have identical surface termination, and then contain ten and nine ZrO 2 ͑111͒ layers, respectively. It is noted that the O terminated slab is stoichiometric, and the Zr terminated one is Zr rich. In order to make identical interface configurations at both ends of the ZrO 2 slab, the Ni slab with seven layers is employed for the T 0 structure, while the one with six layers is employed for T 1 . The resulting total numbers of atoms in the supercells range from 90 to 103, depending on the ZrO 2 termination and the translation states. In order to reveal intrinsic and fundamental bonding states at the incoherent interfaces, inclusion of yttrium and oxygen vacancies, which would be important for real Ni/YSZ systems, is not explicitly taken into account in the present study.
Spin-polarized electronic structure calculations of the interface system are performed using the Vienna Ab-Initio Simulation Package ͑VASP͒ program. 19 The projector augmented wave method, 20, 21 which is an all-electron frozencore-type method, is used to represent inner electrons, and electronic wave functions are expanded by plane waves up to a kinetic energy cutoff of 500 eV. The generalized gradient approximation ͑GGA͒ is used for the exchange-correlation potential, in which the GGA functional proposed by Perdew et al. is used. 22 For the hexagonal-shaped interface super-
Atomic arrangement of the interface supercells, projected on the interface plane. ͑a͒ the translation state of T 0 and ͑b͒ of T 1 . In this figure, one Ni layer and two ZrO 2 layers adjacent to the interface are only shown. The arrow in ͑a͒ indicates a minimum translation vector of t = a ZrO2 /3͓211͔. In each model, Ni atoms located at equivalent sites on the ZrO 2 surface are assigned by using alphabetical characters from "a" to "g." cells, Brillouin-zone ͑BZ͒ sampling is performed on a 4 ϫ 4 ϫ 1 Monkhorst-Pack ͑MP͒ mesh centered at a ⌫ point ͑four irreducible k points͒. 23 Convergence tests using a 6 ϫ 6 ϫ 1 MP mesh ͑seven irreducible k points͒ for the O terminated interfaces showed that differences in total energies and stresses of supercells are less than 1.6 meV/atom and 0.2 GPa, respectively. Works of separation ͑W sep ͒ for the interface cleavage, which are a measure of interface strength, are calculated from total-energy differences between the interface supercells and the individual Ni and ZrO 2 surface slabs with their fully relaxed atomic positions. It is found that the W sep convergence for the denser k-point sampling ͑6 ϫ 6 ϫ 1 MP mesh͒ is less than 0.01 J / m 2 . The above results ensure a good accuracy of the present supercell calculations to describe the interface structures and properties.
Excess energies ␥ of the interfaces are evaluated from total energies ͑E T ͒ of interface supercells and atomic chemical potentials ͑͒ for constituent atoms as follows.
In Eq. ͑1͒, A is an interface area, and n i is the number of atoms i in the supercell. As will be shown later, ZrO 2 ͑111͒ surfaces are also calculated in this study, where a vacuum layer of 1.6 nm thickness is introduced in the supercell to obtain E T for the surfaces. To begin with, excess energies of ZrO 2 ͑111͒ surfaces and Ni/ ZrO 2 ͑111͒ interfaces are evaluated as a function of oxygen chemical potential, as shown in Fig. 2 . It can be seen from Fig. 2͑a͒ that the O terminated surface is most stable over the entire range of O , and the Zr terminated surface exhibit a fairly high energy even in the reduction limit. This indicates that the clean ZrO 2 ͑111͒ surface always undergoes O termination, irrespective of oxygen chemical potentials. When the interface between ZrO 2 and Ni is formed ͓Fig. 2͑b͔͒, the O terminated structure is also more stable in higher O , whereas the Zr terminated interface becomes more stable in the reduced condition of O Ͻ−8.3 eV. It is noted that the T 0 and T 1 structures for the two termination cases exhibit quite similar interface energies ͑an energy difference within 0.1 J / m 2 ͒. It can be said that the interface termination is likely reversed from O to Zr termination under the reduced atmosphere, although the ZrO 2 ͑111͒ surface always has the O terminated structure. Both of the Zr and O terminated interfaces can be formed, depending on oxygen chemical potential. The similar situation was found in the previous theoretical study of the Nb/ Al 2 O 3 system. 6 The relaxed structures of the Zr and O terminated interfaces are depicted in Fig. 3 From Fig. 3 , a number of structural characteristics in the incoherent interfaces can be observed. The Ni and Zr atoms ͑O atoms͒ in the first interface layers of the Zr terminated ͑O terminated͒ interfaces undergo large relaxations perpendicular to the interface planes. In particular, Ni atoms tend to rumple more considerably than Zr or O atoms, so that the Ni interface layers are not completely flat. In addition, bond lengths of Ni-Zr or Ni-O pairs across the interface are dependent on the Ni sites, which range from 0.24 nm to 0.30 nm for the Zr terminated interfaces, and from 0.19 nm to 0.30 nm for the O terminated ones. These results indicate that chemical environments of the Ni atoms in the interface layers are quite different, depending on the Ni sites on the ZrO 2 ͑111͒ surfaces.
In order to reveal electronic structures of the interfaces, atom-projected partial densities of states ͑PDOSs͒ are plotted in Fig. 4 . For the Zr and O terminated interfaces having the T 0 -type structure, PDOS profiles for Ni, Zr, or O atoms at the center of each slab ͑denoted as "bulk"͒, interfacial Ni at the on-top site ͑Ni a ͒, interfacial Zr or O bonded to Ni a are only shown. It is worth mentioning here that the PDOS shapes for the interfacial atoms in the two termination cases are different from those for the atoms in bulk, which indicates characteristic atomic interactions at the interfaces. In particular, the Ni-3d band is located around the band gap of ZrO 2 ͑E g in Fig. 4͒ , and then the metal-induced gap states ͑MIGSs͒ are observed in the PDOS profiles for interfacial Zr and O. The appearance of MIGSs is closely related to formation of the interfacial bonding.
Similarly to interfacial Zr or O, the PDOS shapes of the interfacial Ni atom are also different from that of bulk Ni. In the PDOS of bulk Ni, it can be seen that the majority-spin band ͑the upper panel͒ is located lower in energy than the minority-spin one ͑the lower panel͒, due to electronexchange interactions. The resultant magnetic moment ͑MM͒ of bulk Ni is found to be 0.59 B atom, and is in good agreement with the previous calculations for Ni. 24, 25 However, the degree of exchange splitting tends to decrease for Ni a at the Zr terminated interface ͓Fig. 4͑a͔͒, and the calculated MM for Ni a is found to be 0.19 B , which is quite smaller than that in bulk. This result is attributed with charge transfer from ZrO 2 to Ni. As stated before, the Zr terminated surface is Zr rich, and Zr is less electronegative than Ni. Therefore, considerable charge transfer from Zr to Ni can take place in the interface formation. The transferred electrons from ZrO 2 occupy the minority-spin orbital of Ni-3d originally unoccupied at the Fermi level, so that the Ni-3d orbitals are almost fulfilled by electrons and result in the similar DOS profiles between majority and minority spin, without exchange splitting. In contrast, the Ni a PDOS at the O terminated interface does not change so significantly from that of bulk Ni, which is due to the fact that the O terminated ZrO 2 surface is stoichiometric, and thus significant charge transfer does not necessarily occur in the interface formation. It is noted, however, that the MM of Ni a in the O terminated case is calculated to be 0.50 B , and is slightly smaller than that of bulk Ni.
PDOS curves for Ni at the different interfacial sites in the Zr and O terminated T 0 -type structures are displayed in Fig.  5 . In the case of Zr termination ͓Fig. 5͑a͔͒, it turns out that the PDOS profiles are varied depending on the Ni sites. The PDOS shape of Ni a is quite different from that of bulk Ni, while the PDOS widths for other Ni atoms become narrower than those of Ni a and bulk Ni. These features indicate different interactions of Ni-Zr at the interface. In the O terminated case ͓Fig. 5͑b͔͒, differences of interfacial Ni PDOSs from that of bulk Ni are not so large as in the Zr terminated case, but it is apparently observed that each PDOS of minority spin at around the Fermi level is changed in a different way depending on Ni sites. Such slight PDOS changes indicate that orbital polarization or overlap between Ni and O may occur even at the O terminated interface. From the above results, it can be said that Ni atoms in the interface layer of each interface system are in site-dependent chemical environments with underlying Zr or O atoms.
In order to investigate site-dependent bonding characteristics at the interfaces in more detail, electron-density ͑ED͒ differences in the T 0 -type interfaces are plotted in Fig. 6 . Here, the EDs of the Ni and ZrO 2 slabs having the same atomic positions with the interface supercells are subtracted from those of the interfaces. Thus the contour maps indicate bond-formation behavior between Ni and ZrO 2 in the interface formation.
In the Zr terminated case ͓Figs. 6͑a͒ and 6͑b͔͒, it is obvious that the large areas with positive ED differences are present at the interface. This is due to that considerable charge transfer from Zr to Ni occurs and the electrons are sheared between atoms at the interface layers. Such features can also be understood from the DOS profiles shown in Fig.  5 . As is seen in Fig. 6͑a͒ , the ED significantly increases between the on-top Ni atom ͑Ni a ͒ and Zr, and the increased region is rather localized between the two atoms, which indicates their strong covalent interaction. The strong covalency of Ni a -Zr can also be understood from its bond length ͑0.242 nm͒, which is much smaller than the sum of their atomic radii ͑0.285 nm͒. 26 Around the hollow-site Ni c and Ni d atoms, the increase in ED is observed as well, but the electrons mainly concentrate above Zr. Therefore, the positively charged Zr atom no longer has direct interactions with Ni c and Ni d , but interacts with the electrons accumulated around the Ni interstitial region in an electrostatic ͑ionic͒ manner. Regarding the asymmetric-site Ni atoms ͓Ni b in Fig.  6͑b͔͒ , the ED increases at around the midpoint with Zr, and also the increased region is shared among the two neighboring Ni atoms. This indicates that the Ni-Zr bonds can be described by covalent interactions with partial metallic characters. As shown above, the chemical interactions across the Zr terminated interface exhibit a site-dependent feature from ionic through covalent/metallic characters of bonding.
The increased ED regions at the O terminated interface ͓Figs. 6͑c͒ and 6͑d͔͒ are much smaller than those in the Zr terminated case, since the O terminated ZrO 2 surface is stoichiometric and thus large charge transfer does not necessarily take place. In such a case, ED redistribution in the Ni layers may occur due to the electrostatic field of the ionic The feature of multiple bonding characters found for the T 0 structures is also applicable to the T 1 translation state. Figure 7 shows ED-difference maps for the T 1 -type Zr and O terminated interfaces. In the Zr terminated case ͓Fig. 7͑a͔͒, the Ni atoms located at the sites slightly off from the exact on-top location ͑Ni e and Ni f ͒ tend to form covalent bonds with Zr. It is noted that the Ni f -Zr and Ni e -Zr bond lengths of 0.248 nm and 0.257 nm are close to the covalently bonded on-top Ni a -Zr ͑0.242 nm͒ and asymmetric Ni b -Zr ͑0.256 nm͒ lengths in the T 0 structure ͑see Fig. 6͒ , respectively. Moreover, the electron-accumulated region manifests itself between Ni e and Ni g , which contributes to ionic interactions with the Zr cation below. In the O terminated interface ͓Fig. 7͑b͔͒, the Ni f -O pair forms a covalent bond, and its bond length of 0.198 nm is quite similar to that of on-top Ni a -O ͑0.197 nm͒ in the T 0 translation state ͓see Fig. 6͑a͔͒ . Ni-O pairs with larger bond lengths ͓Ni e -O and Ni g -O in Fig.  7͑b͔͒ no longer have covalent interactions. Alternatively, the increases in ED above Zr in the second layer, inducing their image-chargelike ionic interactions, can be observed. Even in the translated state, therefore, multiple chemical bonds ranging from ionic to covalent are realized in accordance with their local atomic configurations. It is noted, however, that the magnitudes of image charges induced at the interface are smaller than those in the T 0 -type structure ͓see Fig. 6͑c͔͒ . The individual image charges induced are sensitive to the translation state.
It should be noted here that the similar W sep values in the two translation states for both the Zr and O terminations ͑shown in Fig. 3͒ should originate from the multiplicity of the interface bonding. If interface-energy differences among translation states are rather large, the energy penalty would be compensated by generation of misfit dislocations. For instance, the previous calculations of coherent-model MgO/Ag͑001͒ interfaces, which are in reality semicoherent with a lattice misfit of about 3%, yielded a large energy difference of about 0.4 J / m 2 between different translation states. 3 As compared to that, the changes in W sep due to the relative translations are much smaller in the present case ͑less than 0.04 J / m 2 ͒. Since the real incoherent interface structure can be represented by a mixture of the different translation states, the invariability of interface energy against the relative translation states may explain why the interface structures without long-range lattice continuity can be formed as a stable structure.
W sep values mean mechanical energy release upon interface fracture, and are used as a good measure of interface strength. In the case of coherent interfaces, W sep values correspond to the energy required to break interfacial bonds in a particular configuration. However, incoherent interfaces contain a multiplicity of interfacial bonds, and thus the situation upon interfacial fracture is more complicated, although the W sep values in Fig. 3 are independent of the translation states. In particular, energies to break chemical bonds at incoherent interfaces are also dependent on the individual bond characters, which should affect the mechanical response to applied stresses. In order to reveal an effect of the multiple interfacial bonding on mechanical properties of incoherent interfaces, first-principles tensile tests are performed for the incoherent Ni/ ZrO 2 ͑111͒ interfaces.
In the present first-principles tensile tests, uniaxial tensile strains are imposed onto the stable interface structures. The supercell edge lengths normal to the interfaces ͑the ͓111͔ direction͒ are elongated in small increments, and all atomic positions are relaxed at each strained states. The supercell edge lengths parallel to the interfaces ͑the ͓101͔ and ͓110͔ directions͒ are fixed throughout the tensile tests, preventing Poisson contraction, in order to reduce computational time. Strictly speaking, therefore, the present tensile tests correspond to uniaxial extension. Poisson contraction may decrease theoretical tensile stresses of bulk and grain boundaries, and thus maximum stresses for fracture without Poisson contraction are regarded as upper bounds of tensile strength of the incoherent interfaces. 27, 28 Figure 8 displays stress-strain curves of the Ni/ ZrO 2 ͑111͒ interfaces. For the T 0 -type Zr terminated interface ͓Fig. 8͑a͔͒, the stresses readily increase with rising strains, reach a maximum stress of 14.5 GPa at the 8% strain, and abruptly drop at a strain of 10%. In this case, the interface itself does not undergo fracture, and cleavage between O planes in the second and third ZrO 2 layers from the interface plane actually takes place. It can be said that this stress-strain profile reflects typical brittle fracture behavior inside ZrO 2 . In fact, the W sep value for cleavage between ͑111͒ O planes in ZrO 2 is found to be 1.69 J / m 2 ͑=2␥ s , ␥ s is the surface energy͒, and is much smaller than those for cleavage between Ni͑111͒ layers ͑4.08 J / m 2 ͒ and at the interface ͑4.39 J / m 2 ͒, which are obtained by calculations of separate Ni and ZrO 2 surface slabs. In addition, it can be seen from interfacial bond-length changes against strains in Fig. 9͑a͒ that the bond lengths across the interface do not exhibit notable changes against strains. Thus the interface bonding of the Zr terminated case is rather rigid against tensile loading. As shown in Fig. 3 , the Zr terminated interface in the different translated state of T 1 exhibit the similar W sep value, and it can be expected that cleavage inside ZrO 2 occurs, showing the quite similar stress-strain profile to Fig. 8͑a͒ .
In contrast, by the tensile tests of the O terminated interfaces, cleavage at the interface planes is observed, as expected from their small W sep values of around 0.5 J / m 2 , whereas the stress-strain curves show different behavior from that of the Zr terminated case. In the case of the T 0 structure, the stresses increase almost linearly with strains up to 3%, showing a maximum stress of 6.8 GPa, and yet decrease at the 4% strain. Subsequently, the stresses again gradually increase with increasing strains, and overall fracture throughout the interface plane eventually occurs at the 16% strain.
Such a stress-strain behavior of the T 0 -type O terminated interface is attributed to different strength of individual chemical bonds across the interface. It can be seen from the bond-length changes ͓Fig. 9͑b͔͒ that Ni-O bonds in the hollow and asymmetric configurations ͑Ni b -O, Ni c -O, and Ni d -O͒ exhibit jumps in their bond-length profiles at the 4% strain, and thereafter their bond lengths readily increase with strains. This indicates that these Ni-O bonds start to break at a strain of 4%, and no longer contribute to the interface FIG. 8. The stress-strain curves for the Zr terminated and O terminated interfaces. The T 0 structure of the Zr terminated interface showed cleavage fracture inside ZrO 2 . In ͑a͒, the profile of T 0 is only displayed, but it is expected that the T 1 -type structure shows the similar curve, since that translation state also have a rather large W sep value, resulting in cleavage inside ZrO 2 . In contrast, the O terminated interfaces exhibited fracture at the interface planes. However, it is interesting to point out the different stress-strain behaviors between the two translation states. adhesion for the further tensile strains. However, the Ni a -O bond maintains its length around 0.2 nm until the 15% strain, and the bond length rapidly increases at a strain of 16%, meaning complete fracture of the interface. Therefore, the bonding strength of Ni-O in the on-top configuration, which has a covalent character shown in Fig. 6͑c͒ , is rather large as compared to those in the other configurations. Such a sitedependent bonding feature over the interface results in the distinct stress-strain profile of the T 0 -type O terminated interface.
The T 1 -type O terminated interface also exhibits a different stress-strain profile from the T 0 -type one ͓Fig. 8͑b͔͒. Considerable stress reduction during strain loading, as found in the T 0 -type O terminated interface, is not observed in this case, but the profile for T 1 is not as smooth as that in the Zr terminated case. This is due to bond-breaking processes at the interfaces, beginning from the onset of strain loading. As can be seen in Fig. 9͑c͒ , the Ni e -O and Ni g -O pairs increase their distances monotonically with strains, which indicates that these Ni-O bonds are broken successively with strain. In contrast, the Ni f -O bond maintains its length of about 0.2 nm even for larger strains. In Fig. 7͑b͒ , the Ni f -O pair exhibits strong covalency, and thus the presence of the covalent bonds across the incoherent interface is responsible for the interface strength. In the T 1 -type interface, three covalent Ni f -O pairs are present per unit ͓see Fig. 1͑b͔͒ , which results in the larger maximum stress of about 11 GPa, as compared to that of the T 0 -type interface ͑6.8 GPa͒ with one covalent Ni a -O bond ͑on-top configuration͒ in the repeat unit. Owing to the on-top covalent pairs and their numbers contained in the translation states, the real incoherent O terminated interfaces do not undergo homogeneous cleavage over the interface plane. The fracture behavior is very sensitive to the translation states and their associated site-dependent interfacial bonding multiplicity.
In this paper, the first-principles results of the Ni/ ZrO 2 ͑111͒ interfaces are reported, in order to reveal a bonding nature of incoherent metal/oxide interfaces. Even though the interface bonding is composed of one type of atomic-species pairs such as Ni-Zr or Ni-O, depending on the interface termination, the interfacial atomic pairs exhibit sitedependent bonding characters. The bonding pair in the ontop configuration tends to have the strong covalent bond, while other Ni atoms in the hollow and other configurations form metallic or ionic for Zr termination, or ionic bonds for O termination. As compared to the covalent bond in the ontop configuration, such metallic or ionic interfacial interactions are neither directional nor rigid, which may stabilize the elongated or distorted bonding configurations intrinsically contained in the incoherent interfaces. Such a multiplicity of interfacial bonds also result in interface energetics independent of the translation states, but strongly affect the atomic-scale cleavage behavior of the incoherent interfaces. The bonding multiplicity cannot be understood by the image charge theory and previous coherent-model calculations, and must be new findings to depict general incoherent interfaces. This idea will thus be applicable to any heterointerface system as a generic bonding picture for large-mismatched interfaces.
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